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ABSTRACT
Yousef Ghaffari, Ph.D. The University of Memphis. December 2015. Improved Value
for Load Increase Factor in Progressive Collapse. Major Professor: Shahram Pezeshk,
Ph.D.

Progressive collapse is a situation when one or more key structural elements fail
resulting in the failure of adjoining structural elements and, in return, leading to partial or
total collapse of the entire building. One method of reducing the likelihood of a
progressive collapse situation is to have structures designed with high redundancy so that
a higher level of force distribution can take place after the failure of key structural
elements. For an accurate evaluation of the structural behavior in a progressive collapse
scenario, a nonlinear dynamic analysis (NDA) that considers the geometric and material
nonlinearity should be conducted. The goal of this evaluation is to assess whether or not
the structure is likely to collapse. The procedure of performing nonlinear dynamic
analysis to design structures to resist progressive collapse is complicated; therefore,
engineers usually perform simplified static analyses as opposed to conducting
computationally expensive dynamic analyses. Codes such as General Service
Administration (GSA2003), Department of Defense (DoD2005), and Unified Facilities
Criteria (UFC2009) allow three types of analysis in the alternate path method: linear
static (LSA), nonlinear static (NSA), and NDA. In LSA and NSA, for considering the
dynamic amplification effect, gravity loads are increased using a load increase factor
(LIF). LIF is equal to two for LSA and NSA, based on GSA2003 and DoD2005. In
UFC2009 and GSA2013, the LIF is calculated using code equations. Previous studies
show these coefficients are very conservative. Finding the optimal load increase factor
(LIF) for both LSA and NSA would be more cost effective in the design of structures to
iii

help them resist progressive collapse. In this study, by considering effective variables, the
researcher attempted to find an optimal and reliable LIF for steel buildings.
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1.

INTRODUCTION

Important research in progressive collapse started with the Ronan Point
apartment building event in London, United Kingdom, in 1968. A small gas explosion on
the 18th floor of this building caused partial structural failure. It was began for the
progressive resistant requirements in BS5950 standard code. Other examples of
progressive collapse are the Alfred P. Murrah Federal Building in Oklahoma City on
April 19, 1995, and the World Trade Center in New York City. In the Alfred P. Murrah
Federal Building case, fifty percent of the nine-story, reinforced concrete building
collapsed in a terrorist attack (see Fig. 1).

Fig. 1. Progressive collapse in Ronan Point apartments and Alfred P. Murrah Building

In New York on September 11, 2001, airplanes crashed into the World Trade
Center, causing the total collapse of the twin towers. This attack also caused total and
partial collapses of several other buildings in the vicinity (see Fig. 2).
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Fig. 2. World Trade Center (11 September 2001)

The Ronan Point apartment building event was the lunch the addition of
progressive collapse resisting regulations in structure design codes. British standard code
HMSO in 1976 added a regulation that buildings of more than five stories must be
designed to resist progressive collapse in a gas explosion. Three considerations are given
in the British standard code:
1. Tie the structure elements with horizontal and vertical elements to each
other to provide extra continuity in a disproportionate collapse. To provide
continuity and keep the stability of a building after removing elements, it
should have more redundancy.
2. The building should be capable to bridge over to 15% of story area weight
or 70 square-meter area weight at the removal location.
3. If part 2 is not satisfied, a key element should be designed with a
capability of carrying an extra 5 lb/in2 load for the design area.
2

Euro standard code is similar to British standard code. Structures are divided into four
classes. The first class is not required for any design for progressive collapse. The second
class is designed with the tie force method, and the third and fourth classes should be
designed and analyzed to bridge forces after the removal of the vertical element.
UFC divides structures into four categories of occupancy. The first category is not
designed for progressive collapse. For category two, either the tie force method or the
alternate path method should be applied. For the third category, the alternate path method
should be applied for all of the perimeter columns or walls in the first story. For the
fourth category, the tie force method or the alternate path method should be used. In
addition, for this category enhanced local resistance should be checked. GSA2013
divided the structures into five facility structure levels (FSL). This categorization is based
on the importance of the building. This importance could be in value, beauty, or other
parameters. Level I and II have a low level of risk, and there is no need to design for
disproportionate collapse. FSL III & IV are buildings with four or more stories. The
alternate path method and the redundancy procedure are applied for these kinds of
buildings. For FSL level V, only the alternate path method is applied.
The standard codes have different procedures for the design and control of
structures in progressive collapse. In UFC2009, there are two different methods for
designing and checking the structures in progressive collapse: (1) the indirect method
(using the vertical and horizontal ties to mechanically fasten components of a building
together and improve the ductility and continuity of the building) and (2) the direct
method (an alternate path method used to redistribute loads and bridge the structure over
other elements after removing a part). Recent research shows that the dynamic increase
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factor (DIF) used for the nonlinear static procedure and the load increase factor (LIF)
used for the linear static procedure are conservative. These factors in GSA2003 and
DOD2005 were 2. In UFC2009 and GSA2013, the DIF and the LIF are calculated by
some equations. They still seem conservative. Powell (2005) indicated that the dynamic
amplification factor of 2 for static procedures may be over-conservative. A study by Kim
et al. (2009) showed that the progressive collapse potential increases when the number of
stories decreases. In addition, increases in the number of bays decreases the progressive
collapse risk. This study indicates that LIF 2 gives a conservative result.
Tsai et al. (2008) studied the behavior of reinforced concrete buildings designed
for earthquake resisting progressive collapse. Tsai used the GSA2003 standard code in
the modeling of a twelve-story building. He performed linear and nonlinear procedures
using the SAP2000 program. The results indicated that the dynamic increased factor
(DIF) 2 used in NSA gave a conservative result. In addition, the LIF for the linear static
procedure should be different from 2. Asgarian et al. (2012) did a progressive analysis of
concentrically braced frame and found a DIF of 2.69 instead of 2. Kaewkulchai et al.
(2004) did “beam element formulation and solution procedure for dynamic progressive
collapse.” In their model, they considered lumped plasticity at the ends of the elements.
This element is subjected to earthquake excitation. Kaewkulchai et al.’s research
indicated that, in progressive collapse, considering all of the interfering aspects and
structures dynamic behaviors is complicated.
Sasani et al. (2008) did an experimental progressive collapse test on a six-story
reinforced concrete building. Kazemi-Moghaddam et al. (2015) studied the Murrah
Federal Building, and they concluded that the initial damages’ effect in collapsing the
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building is more than the sudden column removal effect. Seffen (2008) did a study about
the dynamic impact effect of the airplane crashes on the World Trade Center. Bae et al.
(2008) did a study about cold-framed steel structure in progressive collapse. The results
indicated that, for a modeled building, progressive collapse accrued in the limited area
where the column was removed. Fu (2009) did a finite element analysis for a high-rise,
20-story steel building. He used the ETABS program for modeling the building, and then,
by using the Visual Basic program, it was converted to an ABAQUS file. Fu’s study
indicated that the connection should be designed at twice the existing axial force at the
removal area. Fu (2010) did a parametric study for a multi-story steel structure. The
modeled building for both studies was the same 20-story steel structure with a bracing
system. The results indicated that this kind of building is less vulnerable in progressive
collapse analysis.
Khandelwal et al. (2008) did a progressive collapse analysis of seismically
designed steel-braced frames. In this study, a concentrically braced frame (CBF) and an
eccentrically braced frame (EBF) for the buildings under progressive collapse were
investigated. This research showed that EBF responds better in progressive collapse
compared to CBF. Song et al. (2013) did an experimental progressive test on a 56-yearold, four-story steel moment-resisting frame building. They conducted this test on a
three-beam removal scenario and showed that the demand to capacity ratio (DCR) for the
beams at the removal area is smaller than the unit, but that no collapse happens. USED
DCR is 2 in standard codes. The researchers showed that this coefficient could not have a
significant effect in a collapse. Salem et al. (2011) used the applied element method to
see the reinforced concrete building’s behavior in progressive collapse, and they showed
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that internal columns are less vulnerable in progressive failure. In this method, the beam
and column elements connections were modeled by using normal and shear springs.
Marchand et al. (2006) performed LSA, NSA, and NDA on different structures and
showed that, for the RC buildings, the DIF ranges from 1.0 to 1.4, which is significantly
less than 2.0. Similarly, for steel buildings, the DIF ranges from 1.2 to 1.8.
Greasimidis (2014) investigated the different collapse mechanisms in the corner
column removal scenario in progressive collapse, and concluded that the collapse
mechanisms in the first floor is bulking failure and in the upper floor is flexural failure.

6

2.

RESEARCH OBJECTIVE

The main goal of this study is to find an optimal value for the gravity load increase
factor in linear static procedure for disproportionate collapse. According to UFC2009 and
GSA2013, to perform the linear static procedure in progressive collapse, a building
should be regular. For irregular buildings, the DCR value should be smaller than 2. For
the buildings with more than ten stories, nonlinear dynamic analysis should be applied.
Many parameters affect the displacement in the removal area, and considering all of them
in analyzing and designing is impossible. The selected parameters in this study are:
1. Number of stories,
2. Height of stories,
3. Length of bays,
4. Design sections, and
5. Column removal location.
To simulate the sudden removal scenario, column removal time is an important
factor. According to GSA2003 and GSA2013, this time should be less than one tenth of
the main period of the selected building. For a ten-story building, the main period could
be almost one second. In this study, the removal time is considered to be 0.01 sec. Since
it is not possible to consider all possible designs and all involved parameters, a random
selection scheme is to select a limited number of cases to be studied. Several case studies
of three- to ten-story buildings are selected. The computer programs SAP2000, Zeus-NL,
and OpenSees are used for performing LSA and NDS. The computer program SAP2000
is a commercial software program used to model structures. It has the capability of 3-D
modeling. Load redistribution, roof stiffness and catenary action are considered in the
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SAP2000 software. Second-order analysis as well as geometric nonlinearity is considered
in analyzing a building. Material nonlinearity consider as the lump nonlinearity and is
defined at joints as plastic hinges. Zeus-NL is a nonlinear program developed for
earthquake engineering with the capability completing fiber nonlinear analysis (Elnashai
et al. 2002). For Zeus-NL, loads must be defined as joint loads. Case studies are modeled
in 3-D. Finally, to verify the results, OpenSees, an open source program, is used.
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3.

PROGRESSIVE COLLAPSE

GSA2013 defines progressive collapse as “extent of damage or collapse that is
disproportionate to the magnitude of the initiating event.” To design structures to resist
progressive collapse, standard codes use the tie force method and the alternate path
method. For the applicability of progressive collapse, GSA2013 gives the flow chart
shown in Fig. 3.

Fig. 3. GSA2013 flow chart for the applicability of progressive collapse analysis
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3.1. TIE FORCE METHOD
In this method, the structures use vertical and horizontal ties fastened together.
This enhance the ductility and keeps the continuity of the structure after removing a
vertical element. To have good ductility and an effective load redistribution after
removing a key element, the structure should have more redundancy. Less redundancy
may cause an instability problem in some cases.
The size and the method of locating the ties are defined by the standard codes. Fig. 4 shows
the ties’ direction in frame structures.

Fig.4. Tie Force (source UFC2009)
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3.2.

ALTERNATE PATH METHOD

3.2.1

LINEAR STATIC PROCEDURE

Static procedure is the simplest method of analyzing a building. To do LSA, there
are some limitations. A structure should not have any irregularity in geometry or
stiffness. If it has an irregularity, the DCR ratio for all components should not be smaller
than 2 (UFC2009 & GSA2013). The number of the stories is limited to ten. In real
situations, column removal happens in a millisecond. This sudden removal has a dynamic
impact in the affected area. Considering how this dynamic response affects panels,
gravity loads are increased by load factor. Load-increased areas according to UFC2009
and GSA2013 standard codes are shown in Fig. 5.

Fig. 5. Affected panels in plane for a removed column
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Fig. 6 shows the increased load area in elevation.

Fig. 6. Increased load in elevation (GSA2013 & UFC2009)

To apply LIF in LSA, the design is divided into either the force control or deformation
control methods.
For removal scenario for columns, if P/Pcl > 0.5 then the steel member is subjected
to force control (where P is the axial force in the column and Pcl is axial compression
strength of the column). If P/Pcl < 0.5 then the steel member is subjected to deformation
control. The force control load increase factor for LSA is 2. In deformation control
(UFC2009), the gravity load is applied as:

12

G=W LS (0.9 or 1.2)D + (0.5L or 0.2S)

(1)

where D is the dead load, L is the live load, S is the snow load, and ΩLS is the load
increase factor and is calculated as:

G=LS (1.2) D  (0.5L or 0.2S )

(2)

The GSA2013 gravity load combination is defined as:

W LS =0.9m LIF +1.1

(3)

where mLIF is the smallest m-factor of all structural components. For primary and secondary
steel frames, elements are calculated by following Equations 4 and 5 of ASCE 41 (Table
5-5 of ASCE 41):
m = 2.3+ 0.021d

(4)

m  4.9  0.048d

(5)

where d is the depth of beam in inches.

According to UFC, a small amount of lateral load is applied to the building. This small
lateral load is the same for LSA, NSA, and NDA and is defined as:

LLAT = 0.002å P

(6)

where ΣP is the sum of the gravity loads.
In an irregular building, DCR is calculated by Equation 7 (GSA2013):

DCR =

QUD
QCE
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(7)

where QUD is the acting force axial force, moment, shear, etc., for deformation control,
and QCE is the expected value or the yield stress of the using steel. In Equation 9, by
subsuming QUF instead of QUD, DCR is calculated for the force control.
For applying the linear static procedure for each removal scenario, the following steps
should be applied:
1. Remove subjected vertical element.
2. Apply increased gravity load for the affected panels.
3. Do LSA.
4. Check the acceptance criteria. If it meets the acceptance criteria, then the other
scenario should be checked. If it does not meet the acceptance criteria, step 5
should be checked.
5. Redesign and go back to step 3.
The flow chart of the linear static procedure is shown in Fig. 7.
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Fig. 7. Linear static procedure flow chart

3.2.2

NONLINEAR STATIC PROCEDURE

Following the nonlinear static procedure, increased gravity loads are applied to the
bays that are immediately affected by a removed column. This load for NSA is calculated
by Equation 8:

G=W NS (0.9or1.2)D + (0.5Lor0.2S)

(8)

where NSis the dynamic increase factor and for steel structures and is calculated by
Equation 9:
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W NS = 1.08 +

(9)

0.76
(q acc / q y ) + 0.83

where acc is the plastic rotation angle and  y is the yield rotation angle of a component.
For beam elements, the parameter  y is calculated following Equation 10 (ASCE 41).

q y = Zb Fyelb / 6EI b

(10)

where Z is the plastic section modulus, I is the moment of inertia, l is the length, E is the
elasticity modulus, and Fye is expected yield the strength of steel.
For a column, y is calculated by Equation 11:

y 

Zb Fyelb
6 EI b

(1 

p
)
p ye

(11)

where P is the axial force and Pye is the expected yield force.

3.2.3

NONLINEAR DYNAMIC PROCEDURE

NDA is the precise method for simulating the exact behavior of structures in real
situations. In this method, the geometric and material nonlinearity of the building are
considered. In addition, sudden element removal impact is simulated, and its effect can be
observed in the deformation result. For performing the NDA, loads are applied without
any increased factor. For the impacted panels, as a result of the removal of an element,
the gravity load combination is applied as a dynamic load. NDA and NSA both are
deformation-based design methods, and acceptance criteria for both are same. The
nonlinear procedure flow chart is shown in Fig. 8.
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Fig. 8. Nonlinear dynamic analysis flow chart

3.3.

ACCEPTANCE CRITERIA
Acceptance criteria for all alternate path analysis methods in GSA and UFC are

referred to in ASCE 41. As mentioned, structural elements are divided into the force
control and the deformation control methods. To determine the deformation control or the
force control of an action, the criteria in Fig. 9 should be checked.

17

Fig. 9. Definition of force or deformation control curve (ASCE 41 & FEMA 356)

By considering the force-deformation curve in Fig. 9, if the primary and the
secondary components have a type 3 curve, then they are the force control action. For the
primary and the secondary components with type 1 and type 3 curves, if e  2 g , then
they are deformation control; if not, they are force control.
In the deformation control method, if:
0.2 

(12)

P
 0.5
PCL

Equation 13 should be satisfied.

Interaction 

My
P
8  Mx
 ( )

PCE 9  mx M CEX my M CEy


  1.0


(13)

where P, Mx and My are axial force, moment in X direction and moment in Y direction
respectively. PCL, MCEx and MCEy expected axial and moment in X and Y direction. For
linear statics m is calculated from Table 5-5 in ASCE 41 and defined by Equation 14:

æ 5ö æ P ö
m = 9 ç 1- ÷ ç
è 3ø è PCL ÷ø
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(14)

In column if

P
 0.2 , Interaction action equation should be as follows:
PCL

 Mx
My
P
Interaction 


2 PCE  mx M CEX my M CEy
If


  1.0


(15)

P
 0.5 , Column element should be considered force control, and Interaction
PCL

equation would be Equation 16.

Interaction 

My
P  Mx



PCE  mx M CEX my M CEy


  1.0


(16)

The m-factor and the acceptance criteria for the plastic hinge depend on the following
parameters:
1. Geometry of beam or column,
2. Material,
3. Axial force (force control or deformation control), and
4. Performance provision design.
For example, the m-factor for the column with

P
 0.2 for the life safety performance
PCL

provision of the linear procedure gives the following equation:

 bf
52
h 300

and 
6,
tw
Fye
Fye
 2t f

b
65
h
460

m  factor  1.25, f 
and 
2t f
tw
Fye
Fye

Linear interpolation, otherwise



19












(17)

where bf, tf, h, tw and Fye are section flange width, flange thickness, section depth, web
thickness, and yield stress.
The acceptance criteria for flexural members and connection are mainly functions of
geometry and yield stress. The rotation angle definitions are shown in Fig. 10.

Fig. 10. Member rotation angle (ASCE 41-06)
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The acceptance criteria for beam-flexure for life safety and collapse provision for
the primary elements are shown in Equation 18.

 bf

52
h
418

and 
 life  safety  6 y , collapse  level  8 y 

tw
Fye
Fye
 2t f

b

65
h
640
 f


and 
 life  safety  2 y , collapse  level  3 y 

tw
Fye
Fye
 2t f

Linear interpolation, otherwise





For column flexural for p

pcl

(18)

 0.2 , the acceptance rotation angle for the life safety and

collapse provision performance level are calculated as Equation 19.

 bf

52
h 300

and 
 life  safety  6 y , collapse  level  8 y 

tw
Fye
Fye
 2t f

b

65
h
460
 f


and 
 life  safety  2 y , collapse  level  3 y 

tw
Fye
Fye
 2t f

Linear interpolation, otherwise





For column flexural for 0.2  p

pcl

(19)

 0.5 , the acceptance rotation angle is as follows in

Equation 20:

 bf

52
h 260
and 
 LS  8(1  (5 / 3)( P / Pcl )) y , CO  11(1  (5 / 3)( P / Pcl )) y 
 
tw
Fye
Fye
 2t f

b

65
h 400
 f


and


LS

0.5

,
CO

0.8


 (20)
y
y
2
t
t
F
F
f
w
ye
ye


Linear interpolation, otherwise
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The acceptance criteria for the primary and secondary elements as well as for the
connections for the life safety and collapse provision performance level in the nonlinear
procedure are presented in Table 5-6 of ASCE 41-06.

3.4. PERFORMANCE BASED DESIGN
According to the standard codes, structures should be designed for life safety
occupancy to resist in progressive collapse. FEMA 351 classified the structures for three
performance occupancy provisions:
1. Immediate occupancy
2. Life safety
3. Collapse provision level
In immediate occupancy, the building would not have structural damage, and it would be
safe to occupy again. In life safety, the structure has some structural damage, but there is
not much loss. Collapse provision is a situation in which the structure has major damage
and cannot be repaired. The FEMA 451 force-deformation curve for different
performance levels is shown in Fig. 11.
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Fig.11. Force-deformation performance level curve (FEMA 451)
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4.

SOFTWARE AND METHODOLOGY

4.1. OPENSEES
OpenSees is an open source software program that was developed for earthquake
engineering. A wide range of material can be used in OpenSees. The TCL programming
language is used to write scripts in OpenSees.
For modeling a building in OpenSees, the building either can be modeled element-byelement or it can be generated automatically by writing several loops. The element-byelement code is flexible for the removing scenario or anything that needs to be done on
elements, however writing this program code is time-consuming and is not flexible to use
for other buildings. On the other hand, the auto-generation method used to simulate the
removal scenario, the relevant column should be defined by a very small section.
Finally the TCL script for creating an auto-generation of a scenario for a multi-story
building is provided in Appendix C. In this code, inputting the number of the stories, bays
in X and Z direction and bay length, an arbitrary building would be generated.
4.2. ZEUS-NL MODELING
Zeus-NL is a nonlinear analysis software program with the capability to perform
nonlinear fiber finite element analysis. It was developed for earthquake engineering
purposes in static and dynamic analysis. Inelastic large displacement can be seen very
easily in this software. 3D modeling gives this software the ability to consider load
redistribution after the removal scenario. Zeus-NL does not have a library for sections;
therefore, the needed section properties should be defined in the software. Fig. 12 shows
the section input properties for W14X74. Sections with 200 monitoring points for fiber
finite element analysis are considered.
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Fig. 12. Section defining in Zeus-NL

In Zeus-NL, a wide range of material could be used for analysis. In this study,
steel material with young modulus of 200,000 N/mm2, yield strength 500 N/mm2 and
shear-hardening parameter of 0.05 is used.
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Fig. 13. Bilinear elasto-plastic material with kinematic strain hardening

For the linear elastic procedure, steel material with young modulus of 200,000
N/mm2 and yield strength 500 N/mm2 diagram is used (see Fig. 14).

Fig. 14. Steel used in LSA in Zeus-NL
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To define the damping ratio in Zeus-NL, for each section, Rayleigh Damping
should be calculated with Equation 21. Then, the mass proportion and the stiffness
proportion should be applied to relevant sections.
a0 
mn
 2 2
n  m2
a1 

 n

 1
n


n   
 m
1   
  n
m

(21)



In this study, the used damping ratio in Equation 21 is 0.05. To simulate the sudden
removal of a vertical element, the time history function is used (see Fig. 15). The
dynamic force for the impacted panels is applied in a very short time.

Fig. 15. Time history function to simulate the sudden removal of column

In this software, loads are defined as a joint force. For modeling, four elements
per member are considered, and gravity loads according to UFC standard codes are
applied as joint loads. In addition, for doing the nonlinear dynamic analysis, masses are
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applied for beam-column connection joints. Mass distribution for a six-story building is
shown in Fig. 16.

Fig. 16. Applied mass for dynamic-time history analysis

4.3.

SAP2000
SAP2000 was developed by Computer and Structure, Inc. (CSI) as a graphical

modeling finite element analysis program. It has the capable of performing various
analyses. Geometric nonlinearity and P-Delta can be considered in SAP2000, but
material nonlinearity is lumped and defined with fiber hinges. Analytical techniques in
SAP2000 include progressive collapse and catenary analysis. Performing linear static
analysis in SAP2000 is pretty straightforward. For doing nonlinear dynamic analysis,

28

dynamic loads in impacted panels are applied by the time history function, as shown in
Fig. 17.

Fig. 17. SAP2000 time history load function

To define material nonlinearity in the nonlinear dynamic procedure, plastic hinges
according to FEMA 356 (Table 6-8) are defined. In addition, to consider the geometric
nonlinearity, the P-Delta button in the relevant load case is activated.
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Fig. 18. Load case for nonlinear time history analysis in SAP2000

Fig. 19. Load case for nonlinear time history analysis in SAP2000

In the time history analysis, the member performance level in each defined joint is
presented by colors. The complete joint performance for each step of the analysis can be
30

seen in the display-joint result bottom. As shown in Fig. 20, for the corner column
removal scenario, eleven joints are in the immediate occupancy performance level, and
one plastic hinge on the second floor is the life safety performance level.

Fig. 20. Plastic hinges formation in progressive collapse analysis
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5.

MODELING EXAMPLES AND CASE STUDIES

5.1. OPENSEES MODEL EXAMPLE
The ten-story building model in OpenSees was tested for progressive collapse.
To simulate the sudden removal of a column, a column with a very small area section
was defined. To see the sudden removal impact effect, the time series load was prepared
in a notepad file. To create the notepad file, the following steps were followed:
1. Analyzing the building without any removal scenario.
2. Recording the axial load in the subjected column for removal.
3. Applying the zero section for removal of the column.
4. Appling a recorded load to the upper joint of the removal column with the
time series load notepad file.
5. Changing the axial load to zero after a second.
To simulate this effect, the OpenSees ground motion load pattern was used. In the
code applied cyclic load for joint 20101 in Y direction by the cycload text file is shown.

set LoadSeries "Series -dt 0.01 -filePath cycload.txt
-factor 1"; pattern Plain 102 "Series -dt 0.01 -filePath
$LoadSeries" {
load 20101 0 1 0 0 0 0
}
Time step for nonlinear analysis are 0.01second.
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Fig. 21. Ten-story building model in OpenSees

Fig. 22. Ten-story building exterior frame column removal scenario
.
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To get the output form, each joint output file should be defined in OpenSees. The
types of output (i.e., moments, forces, displacements, and rotations) for each degree of
freedom should be defined. Fig. 23 shows the ten-story building corner column removal
scenario.

Fig. 23. Ten-story building corner column removal scenario

Fig. 24 shows the displacement for the removal point for a ten-story building in X, Y, and
Z directions.

Fig. 24. Removed joint displacements in X, Y and Z directions
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Dynamic analysis result for the shown removal scenario is shown in Fig. 25.

Time-Displacement curve
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Fig. 25. NDA result in OpenSees for internal column removal scenario

5.2.

ZEUS-NL MODEL EXAMPLES
A three-story building with six bays in the X direction and four bays in the Z

direction were modeled in the Zeus-NL software. Each beam element was divided into
six elements, and gravity loads were applied as joint loads to the elements joints. A
bilinear elasto-plastic model with 0.05 kinematic stiffness hardening was used. To
calculate the main periods of building, the eigenvalue analysis was performed. To
calculate the damping ratio, the first and second periods were used. To simulate the
dynamic impact of sudden element removal in the affected panels, at time zero, the
dynamic load amount was zero, and after 0.01 second the total gravity load was applied
by the time series function. Fig. 26 shows the corner column removal scenario for a
three-story building in the Zeus-NL software.
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Fig. 26. Corner column removal scenario in Zeus-NL
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Fig. 27 shows the nodal displacement at the top joint of the removed column.

Fig. 27. Corner removed column nodal displacement

For this scenario, as shown in Fig. 28, with LIF=1.2, displacement in the LSA
analysis is greater than NDA. By changing the bays’ length or elevation, the variation in
the LIF is not considerable.

NDA and LSA for corner column removal scenario
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Fig. 28. NDA and LSA with LIF=1.2 for corner column removal scenario
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Fig. 29 shows the nonlinear dynamic procedure for the mid-column removal
scenario in the exterior frame for a three-story building.

Fig. 29. Mid-column removal scenario

Fig. 30 shows the NDA analysis and the LSA analysis results for a different LIF.
The results for this scenario show that the mid-column load redistribution after removing
the subjected column is better than with removing a corner column. The needed LIF for
the mid-column and the interior column is smaller than the LIF for the corner column. The
effect of changing design elements and structural dimensions is not considerable. As shown
in Fig. 30, in the inelastic area of materials, a small change in the LIF has a big effect in
displacements. By moving the collapse provision performance area, the sensitivity of the
displacements verses loads increases. In this area, a change in loads sometimes leads to
total failure of the related elements.
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NDA and LSA for mid column removal scenario
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Fig. 30. NDA and LSA analysis results for mid-column (exterior frame) removal scenario

In the six-story building model in Zeus-NL, the eigenvalue, NDA, and pushover
analysis were done. The deformed shape for the corner removal scenario is shown in Fig.
31.

Fig. 31. Six-story building Zeus-NL
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Displacement at the removal point for a ten-second time history function is shown in Fig.
32.

Fig. 32. Time-displacement curve for corner removal scenario

The displacement-load factor curve for the pushover analysis is shown in Fig. 33. For the
shown removal scenario, the results were as follows:


Displacement for NDA at the column removal joint=11.05 cm.



Displacement for the pushover nonlinear static analysis with LIF=1.15 was
11.01 cm.



Displacement for the pushover nonlinear static analysis with LIF=1.2 was
15.01 cm.



Displacement for the pushover linear static analysis with LIF=1.42 was
10.96 cm.
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The analysis showed that the LIF sensitivity is related to the area of the inelasticity
rather than to the dimensions. In the elastic area, the maximum displacement and the final
displacement difference is bigger compared to the inelastic area, but because there is no
residual displacement as a result of vibration, the final displacement is the same for LSA
and NDA. LIF=1 could be used in this area.
In inelastic area of material, as shown in Fig. 33, by increasing displacement, the
frequency of the vibration decreases. In addition, the domain of vibration for each cycle
decreases. For the performed analysis, LIF did not exceed 1.45.

Fig. 33. Pushover analysis result for corner column removal scenario

41

The six-story building exterior frame column removal scenario is shown in Fig.
34. (The design loading for this scenario is different from the corner column scenario.)

Fig. 34. Exterior frame column removal scenario

For this scenario, the NDA and LSA displacements for LIF=1 are as follows:


Displacement for NDA at column removed joint=14.60 cm.



Displacement for pushover nonlinear static analysis with LIF=1.0 was 22.5.



Displacement for pushover linear static analysis with LIF=1.25 was 14.67.

The NDA and pushover analysis results from Zeus-NL are shown in Figs. 33 and 34. Fig.
35 shows that, for this removal scenario, the frequency of vibration is small.
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Fig. 35. Time-displacement curve for exterior column removal scenario

Fig. 36. Pushover nonlinear static analysis result for exterior column removal scenario
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Fig. 37. Pushover linear static analysis result for exterior column removal scenario

5.3. SAP2000 MODEL EXAMPLES
The three-story building with six bays in the X direction and four bays in the Y
direction was built in SAP2000. To perform NDA, plastic hinges were defined at the end
of the beam and column elements. The P-Delta effect by selecting the relevant button in
the NDA load case was considered in the analysis. The damping ratio as is usual in
structures was considered to be 0.05. As shown in Fig. 38, displacement for the joint of
the removed column is as follows for LIF=1.6:


LSA displacement=24.



NDA displacement=26.8.
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Fig. 38. SAP2000 LSA and NDA displacement result for corner removal scenario

As shown in Fig. 38, with LIF 1.6, the maximum displacement is still smaller
than NDA, although the LSA displacement is greater than the NDA final displacement.
The progressive collapse resistance design is for life safety. For this performance
provision, there is no need for an LSA displacement greater than the maximum NDA. By
accepting the final displacement, the LIF could be smaller than 1.4. For the corner
column removal scenario at the top story, with LIF=1.6, displacements are as follows:


NDA Maximum Displacement=83.8 cm.



LSA Displacement=61.9 cm.
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The final displacement in NDA is 69.6 cm, and LIF=1.75 is needed to have the
same displacement in NDA and LSA (this scenario is in collapse performance level and
is not acceptable for progressive resistant building design).
The top story corner removal scenario is shown in fig. 39. The final displacement for this
scenario is 65cm, and the LIF=1.6 could give the same displacement in NDA.

Fig. 39. Top story corner column removal scenario

In GSA2013 standard code, a progressive collapse design or check is mandatory
only for the first story. The analysis design shows that, for the first story, a smaller LIF
could be used. The SAP2000 results show that, for life safety, the LIF could be smaller
than 1.6, and the LIF for collapse provision is greater than this amount. According to
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UFC design standard code, all critical removal scenarios for all stories should be
considered. As shown in Fig. 40, the LIF for the top story is greater than the others.
In the second SAP2000 example, an eight-story building with nine bays in the X
direction and three bays in the Y direction were made. The linear static and the nonlinear
dynamic procedure were applied on this building. In this case, for the first story, to have
the same displacements, the LIF cannot exceed 1.2. Fig. 40 shows the static procedure
results. In this example, the results for the corner column removal for LIF=1.2 are as
follows:


Displacement for LSA=17.78.



Displacement for NDA=16.43.

Comparing the results shows that, by increasing the number of the stories and degrees of
freedoms, the LIF decreases. Fig. 40 shows the NDA results for the eight-story building
for the corner column removal scenario.
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Fig. 40. LSA and NDA corner column removal scenario for 8-story building

For model example 3, Fig. 41 shows a ten-story building modeled in SAP2000.
For the exterior frame column removal scenario, the final displacement with LIF=1.4 in
LSA and NDA was as follows:


NDA Displacement=14.55.



LSA Displacement=14.54.

These results show that for the life safety performance level for the analysis performed on
the scenario, LIF=1.4 could be used. In addition, formed plastic hinges on the beams
show that materials are in immediate occupancy and life safety performance.
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Fig. 41. NDA analysis and plastic hinge formation on affected beams

Fig. 42 shows the ten-story building internal column removal scenario in progressive
collapse. In this example, the displacements for NDA and LSA with LIF=1 are as
follows:


NDA Displacement=1.16 ft.



LSA Displacement=1.29 ft.

In this analysis, the displacement for the linear static procedure for the joint
removal is greater than the one for the nonlinear dynamic procedure. Applying the linear
dynamic analysis made the displacement bigger than that for the static procedure and
NDA. This means that the materials are in a strain hardening area.
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Fig. 42. Internal column removal scenario

The analysis of the inelastic area of material, showed, by moving toward the
collapse performance provision, displacement increases, and the domain of vibration and
frequency decreases. In this area, permanent displacement accumulated to the previous
one, and at the end, accumulation of the small displacements may lead to a total collapse
in that member. Fig. 43 shows the failure of a member in a column removal scenario in
progressive collapse. As shown in Fig. 43, the maximum displacement after removing the
subjected member is almost 28 cm. The domain of vibration does not exceed 4 cm, but
this small vibration leads to failure of the member.
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Fig. 43. Member failure in NDA analysis in progressive collapse

Table 1 shows the 100 analysis shear stresses ratio for NDA and LSA. These ratios
are for the beam elements at the removal area. Table 2 shows the moment ratios in the
nonlinear and linear procedures. The results shown in Tables 1 and 2 indicate that,
amplifying in the shear and moment stresses could not have more difference compared to
displacements. In all linear static analyses, the LIF is considered one. The stress ratio
ranges from 1 to 1.3.
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Table 1. Shear stress ratio in NDA and LSA

1.18
1.17
1.18
1.17
1.18
1.17
1.18
1.17
1.17
1.15

1.07
1.08
1.10
1.11
1.13
1.13
1.15
1.16
-1.14
1.14

Nonlinear Dynamic/Linear Static Shear Stress Ratio
-1.13
-1.19
1.13
1.21
1.14
0.11
1.15
1.13
1.20
1.16
1.21
1.17
1.20
1.25
1.15
1.16
1.12
1.06
1.14
1.11
1.084
1.16
1.17
1.15
1.10
1.20
1.18
1.26
1.15
1.07
1.16
1.09
1.17
1.12
1.17
1.16
1.12
1.19
1.14
1.16
1.20
1.23
1.19
1.09
1.20
1.11
1.10
1.11
1.17
1.19
1.15
1.22
1.16
1.18
1.21
1.23
1.21
1.12
1.19
1.15
1.10
1.16
1.03
1.22
1.19
1.20
1.18
1.17
1.23
1.17

1.12
1.07
1.08
1.11
1.13
1.15
1.11
1.04
1.18
1.17

Table 2. Moment ratio in NDA and LSA

1.08
1.09
1.11
1.12
1.14
1.15
1.17
1.18
1.15
1.15

1.15
1.16
1.17
1.17
1.17
1.21
1.22
1.24
1.25
1.22

Nonlinear Dynamic/Linear Moment Ratio
1.23
1.18
1.18
1.18
1.22
1.27
1.18
1.14
1.11
1.17
1.13
1.22
1.18
1.17
1.10
1.23
1.20
1.28
1.09
1.19
1.16
1.16
1.14
1.19
1.14
1.22
1.21
1.17
1.23
1.25
1.16
1.23
1.18
1.12
1.12
1.25
1.18
1.25
1.15
1.20
1.23
1.20
1.17
1.22
1.20
1.12
1.19
1.26
1.21
1.23
1.17
1.19
1.26
1.04
1.16
1.24
1.18
1.14
1.17
1.18

1.15
1.08
1.09
1.13
1.14
1.17
1.15
1.17
1.19
1.18

1.19
1.18
1.08
1.09
1.13
1.14
1.17
1.15
1.17
1.19

Table 3 shows the LIF for ten removal scenarios in a three-story building. The
analysis results showed that the LIF in the top story is bigger than in the other stories. In
addition, the material response in different areas has considerable effect on the LIF
amount. The different analyses showed that the LIF is sometimes 0.8.
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Table 3. LIFs for 3-story building in different removal scenarios

Column Removal Scenario
LIF

1
1.35

2
1.4

3
1.45

4
1.6
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5
1.6

6
1.5

7
1.3

8
1.65

9
1.6

10
1.5

6.

SUMMARY AND CONCLUSIONS

Progressive collapse is a situation when one or more key structural elements fail
resulting in partial or total collapse of the entire building. For an accurate evaluation of
the structural behavior in a progressive collapse scenario, a nonlinear dynamic analysis
that considers the geometric and material nonlinearity should be conducted. The
procedure of performing nonlinear dynamic analysis is to design structures to resist
progressive collapse. This procedure needs extensive computation time and can be
complicated. Therefore, simplified static analyses are performed as opposed to
conducting computationally expensive dynamic analyses.
Codes such as General Service Administration (GSA2003), Department of Defense
(DoD2005), and Unified Facilities Criteria (UFC2009) allow three types of analysis in
the alternate path method: linear static (LSA), nonlinear static (NSA), and nonlinear
dynamic analysis (NDA). In LSA and NSA, for considering the dynamic amplification
effect, gravity loads are increased using a load increase factor (LIF). The parameter LIF
is equal to 2 when LSA and NSA are performed (based on GSA2003 and DoD2005). In
UFC2009 and GSA2013, the LIF is calculated using code equations.
Previous studies show that a factor of two may be conservative. Finding the optimal load
increase factor (LIF) for both LSA and NSA, would be more cost effective in the design
of structures to help them resist progressive collapse.
In this study, a series of parametric studies have been performed considering
three-story and ten-story steel buildings with randomly selected bay and story heights to
obtain an optimal and reliable LIF for steel structures.
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The column sudden removal scenarios were simulated. The column removal time
for all scenarios was selected to be 0.01 second. A large P-Delta effect for geometric
nonlinearity was considered in all analyses. Both LSA and NDA were performed. The
computer program SAP2000 showed that the LIF ranged from 0.8 to 1.6. In some
removal scenarios, the LIF was smaller than 1. The linear dynamic analysis for the same
scenario did not confirm the same results, and the LIF was greater than 1. This means
that, for the same scenario, material could be at strain hardening in NDA.
For the top stories, the LIF was considerably larger than the lower story column
removal scenario because of low redundancy for loads redistributing. Because of low
damping in the top story, the vibration frequency is large compared to the lower stories.
The corner columns showed more vulnerability in progressive collapse. The needed LIF
in corner columns is greater than the others columns’ needed LIF. For example, an
analysis that calculated the LIF for a corner column scenario was 1.4, for the same
building for an interior column removal scenario, the LIF was 1.1. Interior frame columns
are more stable than exterior ones. Bridging removed column loads in an exterior column
removal scenario are between two or three beams. The interior column are between three
and four beams; therefore, the load redistribution in an interior column removal scenario
is better than in the exterior one.
In an interior column removal scenario, the LIF barely exceeds 1.2. The internal
column removal scenario showed that, in most cases in internal column removal, the
buildings resisted progressive collapse. Buildings designed for earthquake resistance or
lateral loads are more resistant to progressive collapse. For example, for a selected case
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study for an 8-story building, displacements remain in the elastic area. Elasto-plastic
material was used in Zeus-NL and OpenSees analyses. Nonlinear fiber finite element
analyses with 200 monitoring points were done in the case studies. In OpenSees, the
seismic load patterns were used to simulate column sudden removal. The Zeus-NL and
OpenSees results showed that the LIF ranged from 1 to 1.45. The results showed that LIF
in Zeus-NL and OpenSees is smaller than in SAP2000. In SAP2000, martial nonlinearity
was lumped and defined by plastic hinges. Material nonlinearity in Zeus-NL and
OpenSees was distributed with elasto-plastic material. Moreover material nonlinearity
has significant effect in the LIF. In SAP2000, lumped nonlinearity may not have an
accurate estimate of material nonlinearity effect in displacement. It is almost linear, but in
Zeus-NL or OpenSees distributed nonlinearity effect is considered in displacement. In the
corner column or exterior frame column and the internal removal column scenarios, the
Zeus-NL and OpenSees results were similar to SAP2000.
The results showed that the LIF is more sensitive to the material performance level.
For example, a building with a different design, story elevations, and bays, if, after
removing a column, adjacent elements remain at the immediate occupancy level, the LIF
range does not change a lot. If the same building with smaller sections is at the life safety
or collapse performance level, the domain of vibrations in each cycle, vibration frequency
and the LIF were changed. For example, for a two corner column removal scenario with
two different sections with the same performance level, the obtained LIF may be close to
each other. Increasing loads and moving forward in inelastic area, the LIF will change.
Therefore in designing buildings to resist progressive collapse, the material’s inelastic
behavior and performance level would be more important.
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In large displacement and collapse, level of material, small vibrations and small
displacement may lead to a failure of a member. In this inelastic area of material, the
nonlinear dynamic analysis needed to be performed.
Investigation in the shear stresses and moment ratio in NDA and LSA shows that with the
same LIF, amplification in NDA for stresses ratio does not differ from the displacement
ratio.
Finally results for NSAs showed that the Dynamic Increase Factor (DIF) is smaller
than LIF. The analyses that have been done on some case studies showed, in standard
codes DIF is conservative in progressive collapse analysis; although finding improved
DIF needs more analysis.
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APPENDIX A
ACCEPTANCE CRITERIA
According to GSA20013 and UFC 2009, nonlinear and linear acceptance criteria for steel
components should meet ASCE 41 requirements. Acceptance criteria for linear static
modeling are shown in Table A-1.
Table A-1. Acceptance Criteria for Linear Modeling of Steel Frame
Connections (GSA2013 & UFC2009)

64

Acceptance criteria for nonlinear static modeling are shown in Table A-2.
Table A-2. Modeling Parameters and Acceptance Criteria for Nonlinear Modeling of Steel
Frame Connections (GSA2013 & UFC2009)

65

Fig. A-1 shows generalized force-deformation curve used for deformation-control action
acceptance criteria. According to FEMA 356 (2000), “Linear response is depicted between
point A (unloaded component) and an effective yield point B. The slope from B to C is
typically a small percentage (0-10%) of the elastic slope, and is included to represent
phenomena such as strain hardening. C has an ordinate that represents the strength of the
component, and an abscissa value equal to the deformation at which significant strength
degradation begins (line CD). Beyond point D, the component responds with substantially
reduced strength to point E. At deformations greater than point E, the component strength
is essentially zero.”

Fig. A-1. Generalized Force Deformation Relegation
of Steel Elements and Components (FEMA 256)

In Fig. A-1, Q is generalized components load and Qy is generalized components expected
strength, θ is the total elastic and plastic rotation of the beam or column, θy is the rotation
of yield, Δ is total elastic or plastic deformation and Δy is yield deformation.
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Fig. A-2 shows the chord rotation of beam elements (ASCE 41-06).

Fig. A-2. Chord Rotation (ASCE 41-06)
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APPENDIX B
Table B- 1 shows the acceptance criteria for linear and nonlinear procedure from Table
5-5 of ASCE 41-06.

Table B-1: Acceptance Criteria for Linear Procedure for Steel Structures Components
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Table B-2 shows the m-Factors for different performance levels from Table 5-5 of ASCE
41-06.

Table B-2. m-Factors for Linear Procedures
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Table B-2. m-Factors for Linear Procedures (cont.)
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APPENDIX C
The TCL script for creating an auto generation of a scenario for a multi-story building is
as follows:
# ------------------------------------------------------------------------------------------------# Example multi story building for progressive collapse
# nonlinearBeamColumn element, inelastic fiber section
# SET UP --------------------------------------------------------------------------wipe;
# clear memory of all past
model definitions
model BasicBuilder -ndm 3 -ndf 6;
# Define the model builder,
ndm=#dimension, ndf=#dofs
set dataDir Data;
# set up name of data
directory
file mkdir $dataDir;
# create data directory
set GMdir "C:/Users/yousef/Desktop/try";
# ground-motion file directory
source LibUnits.tcl;
# define units
source DisplayPlane.tcl;
# procedure for displaying a
plane in model
source DisplayModel3D.tcl;
# procedure for displaying 3D
perspectives of model
source Wsection.tcl;
# procedure to define fiber W
section
# ------ frame configuration
set NStory 10;
# number of stories above
ground level
set NBay 5;
# number of bays in X
direction
set NBayZ 4;
# number of bays in Z
direction
puts "Number of Stories in Y: $NStory Number of bays in X: $NBay Number of bays
in Z: $NBayZ"
set NFrame [expr $NBayZ + 1];
# deal with frames in Z
direction
# define GEOMETRY ------------------------------------------------------------# define structure-geometry paramters
set LCol [expr 12*$ft];
# column height (parallel to Y axis)
set LBeam [expr 20*$ft];
# beam length (parallel to X axis)
set LGird [expr 20*$ft];
# girder length (parallel to Z axis)
# define NODAL COORDINATES
set Dlevel 10000; # numbering increment for new-level nodes
set Dframe 100;
# numbering increment for new-frame nodes
for {set frame 1} {$frame <=[expr $NFrame]} {incr frame 1} {
set Z [expr ($frame-1)*$LGird];
for {set level 1} {$level <=[expr $NStory+1]} {incr level 1} {
set Y [expr ($level-1)*$LCol];
for {set pier 1} {$pier <= [expr $NBay+1]} {incr pier 1} {
set X [expr ($pier-1)*$LBeam];
set nodeID [expr $frame*$Dframe+$level*$Dlevel+$pier]
node $nodeID $X $Y $Z;
}
}
}
puts "$nodeID "
# rigid diaphragm nodes
set RigidDiaphragm ON ;
# options: ON, OFF. specify this before the
analysis parameters are set the constraints are handled differently.
set Xa [expr ($NBay*$LBeam)/2];
# mid-span coordinate for rigid
diaphragm
set Za [expr ($NFrame-1)*$LGird/2];
set iMasterNode ""
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for {set level 2} {$level <=[expr $NStory+1]} {incr level 1} {
set Y [expr ($level-1)*$LCol];
# rigid-diaphragm nodes in center of each diaphram
set MasterNodeID [expr 9900+$level]
node $MasterNodeID $Xa $Y $Za;
# master nodes for rigid
diaphragm
fix $MasterNodeID 0 1 0 1 0 1;
# constrain other dofs that
don't belong to rigid diaphragm control
lappend iMasterNode $MasterNodeID
set perpDirn 2;
# perpendicular to
plane of rigid diaphragm
for {set frame 1} {$frame <=[expr $NFrame]} {incr frame 1} {
for {set pier 1} {$pier <= [expr $NBay+1]} {incr pier 1} {
set nodeID [expr $level*$Dlevel+$frame*$Dframe+$pier]
rigidDiaphragm $perpDirn $MasterNodeID $nodeID;
}
}
}
set iSupportNode ""
for {set frame 1} {$frame <=[expr $NFrame]} {incr frame 1} {
set level 1
for {set pier 1} {$pier <= [expr $NBay+1]} {incr pier 1} {
set nodeID [expr $level*$Dlevel+$frame*$Dframe+$pier]
lappend iSupportNode $nodeID
}
}
# BOUNDARY CONDITIONS
fixY 0.0 1 1 1 1 1 1;

# pin all Y=0.0 nodes

# calculated MODEL PARAMETERS, particular to this model
# Set up parameters that are particular to the model for displacement control
set IDctrlNode [expr int((($NStory+1)*$Dlevel+$NFrame*$Dframe)+1)];
#
node where displacement is read for displacement control
set IDctrlDOF 1;
# degree of freedom of
displacement read for displacement control
set LBuilding [expr $NStory*$LCol];
# total building height
# Define SECTIONS ------------------------------------------------------------set SectionType FiberSection ;
# options: Elastic FiberSection
# define section tags:
set ColSecTag 1
set zerosecTag 7
set BeamSecTag 2
set GirdSecTag 3
set ColSecTagFiber 4
set BeamSecTagFiber 5
set GirdSecTagFiber 6
set zerosecFiber 60
set SecTagTorsion 70
set zerosec 50
if {$SectionType == "Elastic"} {
# material properties:
set Es [expr 29000*$ksi];
set nu 0.3;
set Gs [expr $Es/2./[expr 1+$nu]];
Modulus
set J $Ubig;
stiffness
# column sections: W27x114
set AgCol [expr 33.5*pow($in,2)];
set IzCol [expr 4090.*pow($in,4)];
set IyCol [expr 159.*pow($in,4)];
# beam sections: W24x94
set AgBeam [expr 27.7*pow($in,2)];
set IzBeam [expr 2700.*pow($in,4)];
set IyBeam [expr 109.*pow($in,4)];
# girder sections: W24x94
set AgGird [expr 27.7*pow($in,2)];

# Steel Young's Modulus
# Poisson's ratio
# Torsional stiffness
# set large torsional
# cross-sectional area
# moment of Inertia
# moment of Inertia
# cross-sectional area
# moment of Inertia
# moment of Inertia
# cross-sectional area
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set IzGird [expr 2700.*pow($in,4)];
set IyGird [expr 109.*pow($in,4)];

# moment of Inertia
# moment of Inertia

section Elastic $ColSecTag $Es $AgCol $IzCol $IyCol $Gs $J
section Elastic $BeamSecTag $Es $AgBeam $IzBeam $IyBeam $Gs $J
section Elastic $GirdSecTag $Es $AgGird $IzGird $IyGird $Gs $J
set matIDhard 1;
# material numbers for recorder (this
stressstrain recorder will be blank, as this is an elastic section)
} elseif {$SectionType == "FiberSection"} {
# define MATERIAL properties
set Fy [expr 60.0*$ksi]
set Es [expr 29000*$ksi];
# Steel Young's Modulus
set nu 0.3;
set Gs [expr $Es/2./[expr 1+$nu]]; # Torsional stiffness Modulus
set Hiso 0
set Hkin 1000
set matIDhard 1
uniaxialMaterial Hardening $matIDhard $Es $Fy
$Hiso $Hkin
# ELEMENT properties
# Structural-Steel W-section properties
# column sections: W14x82
set d [expr 14.3*$in]; # depth
set bf [expr 10.1*$in];
# flange width
set tf [expr 0.855*$in];
# flange thickness
set tw [expr 0.510*$in];
# web thickness
set nfdw 16;
# number of fibers along dw
set nftw 2;
# number of fibers along tw
set nfbf 16;
# number of fibers along bf
set nftf 4;
# number of fibers along tf
Wsection $ColSecTagFiber $matIDhard $d $bf $tf $tw $nfdw $nftw $nfbf $nftf
Wsection $zerosecFiber $matIDhard 0.00001 0.00001 0.00001 0.00001 $nfdw
$nftw $nfbf $nftf
# beam sections: W18x76
set d [expr 18.2*$in]; # depth
set bf [expr 11*$in]; # flange width
set tf [expr 0.680*$in];
# flange thickness
set tw [expr 0.425*$in];
# web thickness
set nfdw 16;
# number of fibers along dw
set nftw 2;
# number of fibers along tw
set nfbf 16;
# number of fibers along bf
set nftf 4;
# number of fibers along tf
Wsection $BeamSecTagFiber $matIDhard $d $bf $tf $tw $nfdw $nftw $nfbf $nftf
# girder sections: W18x76
set d [expr 18.2*$in]; # depth
set bf [expr 11*$in]; # flange width
set tf [expr 0.680*$in];
# flange thickness
set tw [expr 0.425*$in];
# web thickness
set nfdw 16;
# number of fibers along dw
set nftw 2;
# number of fibers along tw
set nfbf 16;
# number of fibers along bf
set nftf 4;
# number of fibers along tf
Wsection $GirdSecTagFiber $matIDhard $d $bf $tf $tw $nfdw $nftw $nfbf $nftf
# assign torsional Stiffness for 3D Model
uniaxialMaterial Elastic $SecTagTorsion $Ubig
section Aggregator $ColSecTag $SecTagTorsion T -section $ColSecTagFiber
section Aggregator $BeamSecTag $SecTagTorsion T -section $BeamSecTagFiber
section Aggregator $GirdSecTag $SecTagTorsion T -section $GirdSecTagFiber
section Aggregator $zerosecTag $SecTagTorsion T -section $zerosecFiber
} else {
puts "No section has been defined"
return -1
}
set QdlCol [expr 114*$lbf/$ft];
set QBeam [expr 94*$lbf/$ft];
set QGird [expr 94*$lbf/$ft];

# W-section weight per length
# W-section weight per length
# W-section weight per length
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set QdlCol [expr 114*$lbf/$ft];
set QBeam [expr 94*$lbf/$ft];
set QGird [expr 94*$lbf/$ft];

# W-section weight per length
# W-section weight per length
# W-section weight per length

# ------------------------------------------------------------------------------------------------------------------------------# define ELEMENTS
# set up geometric transformations of element
#
separate columns and beams, in case of P-Delta analysis for columns
set IDColTransf 1; # all columns
set IDBeamTransf 2; # all beams
set IDGirdTransf 3; # all girds
set ColTransfType Linear ;
# options for columns: Linear PDelta
Corotational
geomTransf $ColTransfType $IDColTransf 0 0 1;
# orientation of
column stiffness affects bidirectional response.
geomTransf Linear $IDBeamTransf 0 0 1
geomTransf Linear $IDGirdTransf 1 0 0
# Define Beam-Column Elements
set np 5; # number of Gauss integration points for nonlinear curvature
distribution
set numIntgrPts 5
# columns
set N0col [expr 10000-1]; # column element numbers
set level 0
for {set frame 1} {$frame <=[expr $NFrame]} {incr frame 1} {
for {set level 1} {$level <=$NStory} {incr level 1} {
for {set pier 1} {$pier <= [expr $NBay+1]} {incr pier 1} {
set elemID [expr $N0col +$level*$Dlevel +
$frame*$Dframe+$pier]
set nodeI [expr $level*$Dlevel + $frame*$Dframe+$pier]
set nodeJ [expr ($level+1)*$Dlevel + $frame*$Dframe+$pier]
if {$elemID == [expr 20101]} {
element nonlinearBeamColumn $elemID $nodeI $nodeJ
$numIntgrPts $zerosecTag $IDColTransf;
# columns
} else {;
element nonlinearBeamColumn $elemID $nodeI $nodeJ
$numIntgrPts $ColSecTag $IDColTransf;
}
}
}
}
# beams -- parallel to X-axis
set N0beam 1000000;
# beam element numbers
for {set frame 1} {$frame <=[expr $NFrame]} {incr frame 1} {
for {set level 2} {$level <=[expr $NStory+1]} {incr level 1} {
for {set bay 1} {$bay <= $NBay} {incr bay 1} {
set elemID [expr $N0beam +$level*$Dlevel + $frame*$Dframe+
$bay]
set nodeI [expr $level*$Dlevel + $frame*$Dframe+ $bay]
set nodeJ [expr $level*$Dlevel + $frame*$Dframe+ $bay+1]
element nonlinearBeamColumn $elemID $nodeI $nodeJ
$numIntgrPts $BeamSecTag $IDBeamTransf; # beams
puts "$elemID"
}
}
}
# girders -- parallel to Z-axis
set N0gird 2000000;
# gird element numbers
for {set frame 1} {$frame <=[expr $NFrame-1]} {incr frame 1} {
for {set level 2} {$level <=[expr $NStory+1]} {incr level 1} {
for {set bay 1} {$bay <= $NBay+1} {incr bay 1} {
set elemID [expr $N0gird + $level*$Dlevel +$frame*$Dframe+
$bay]
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set nodeI [expr
$level*$Dlevel + $frame*$Dframe+ $bay]
set nodeJ [expr $level*$Dlevel + ($frame+1)*$Dframe+ $bay]
element nonlinearBeamColumn $elemID $nodeI $nodeJ
$numIntgrPts $GirdSecTag $IDGirdTransf;
# Girds
}
}
}
# ------------------------------------------------------------------------------------------------------------------------------# Define GRAVITY LOADS, weight and masses
# calculate dead load of frame, assume this to be an internal frame (do LL in a
similar manner)
# calculate distributed weight along the beam length
set GammaConcrete [expr 150*$pcf];
# Reinforced-Concrete floor
slabs
set Tslab [expr 6*$in];
# 6-inch slab
set Lslab [expr 2*$LGird/2];
# slab extends a distance of
$LGird/2 in/out of plane
set DLfactor 1.0;
# scale dead load up a little
set Qslab [expr $GammaConcrete*$Tslab*$Lslab*$DLfactor];
set QdlBeam [expr $Qslab + $QBeam];
# dead load distributed along beam
(one-way slab)
set QdlGird $QGird;
# dead load distributed along girder
set WeightCol [expr $QdlCol*$LCol];
# total Column weight
set WeightBeam [expr $QdlBeam*$LBeam];
# total Beam weight
set WeightGird [expr $QdlGird*$LGird];
# total Beam weight
puts "$Lslab"
set QdlBeam1 [expr $Qslab*0.5 + $QBeam]
# assign masses to the nodes that the columns are connected to
# each connection takes the mass of 1/2 of each element framing into it
(mass=weight/$g)
set iFloorWeight ""
set WeightTotal 0.0
set sumWiHi 0.0;
# sum of storey weight times height, for lateral-load
distribution
for {set frame 1} {$frame <=[expr $NFrame]} {incr frame 1} {
if {$frame == 1 || $frame == $NFrame} {
set GirdWeightFact 1;
# 1x1/2girder on exterior frames
} else {
set GirdWeightFact 2;
# 2x1/2girder on interior frames
}
for {set level 2} {$level <=[expr $NStory+1]} {incr level 1} { ;
set FloorWeight 0.0
if {$level == [expr $NStory+1]} {
set ColWeightFact 1;
# one column in top story
} else {
set ColWeightFact 2;
# two columns elsewhere
}
for {set pier 1} {$pier <= [expr $NBay+1]} {incr pier 1} {;
if {$pier == 1 || $pier == [expr $NBay+1]} {
set BeamWeightFact 1; # one beam at exterior nodes
} else {;
set BeamWeightFact 2; # two beams elewhere
}
set WeightNode [expr $ColWeightFact*$WeightCol/2 +
$BeamWeightFact*$WeightBeam/2 + $GirdWeightFact*$WeightGird/2]
set MassNode [expr $WeightNode/$g];
#puts "$MassNode"
set nodeID [expr $level*$Dlevel+$frame*$Dframe+$pier]
mass $nodeID $MassNode 0. $MassNode 0. 0. 0.;
# define mass
set FloorWeight [expr $FloorWeight+$WeightNode];
}
lappend iFloorWeight $FloorWeight
set WeightTotal [expr $WeightTotal+ $FloorWeight]
set sumWiHi [expr $sumWiHi+$FloorWeight*($level-1)*$LCol];
sum of storey weight times height, for lateral-load distribution
}
}
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#

set MassTotal [expr $WeightTotal/$g];
total mass

#

# GRAVITY ------------------------------------------------------------# define GRAVITY load applied to beams and columns -- eleLoad applies loads in
local coordinate axis
set N0col [expr 10000-1]
pattern Plain 101 Linear {
for {set frame 1} {$frame <=[expr $NFrame]} {incr frame 1} {
for {set level 1} {$level <=$NStory} {incr level 1} {
for {set pier 1} {$pier <= [expr $NBay+1]} {incr pier 1} {
set elemID [expr $N0col + $level*$Dlevel
+$frame*$Dframe+$pier]
eleLoad -ele $elemID -type -beamUniform 0. 0.
-$QdlCol; # COLUMNS
}
}
}
for {set frame 1} {$frame <=[expr $NFrame]} {incr frame 1} {
for {set level 2} {$level <=[expr $NStory+1]} {incr level 1} {
for {set bay 1} {$bay <= $NBay} {incr bay 1} {
set elemID [expr $N0beam + $level*$Dlevel
+$frame*$Dframe+ $bay]
if {$frame == [expr 1] || $frame == [expr 5]} {
eleLoad -ele $elemID

-type -beamUniform -

$QdlBeam1 0.;
}

else {;
eleLoad -ele $elemID

-type -

beamUniform -$QdlBeam 0.;
}
}
}
}
# BEAMS
for {set frame 1} {$frame <=[expr $NFrame-1]} {incr frame 1} {
for {set level 2} {$level <=[expr $NStory+1]} {incr level 1} {
for {set bay 1} {$bay <= $NBay+1} {incr bay 1} {
set elemID [expr $N0gird + $level*$Dlevel
+$frame*$Dframe+ $bay]
eleLoad -ele $elemID -type -beamUniform -$QdlGird
0.; # GIRDS
}
}
}
}
# steel fiber stress-strain, node i

# apply GRAVITY-- # apply gravity load, set it constant and reset time to zero,
load pattern has already been defined
puts goGravity
# Gravity-analysis parameters -- load-controlled static analysis
set Tol 1.0e-8;
# convergence tolerance for test
variable constraintsTypeGravity Plain;
# default;
if { [info exists RigidDiaphragm] == 1} {
if {$RigidDiaphragm=="ON"} {
variable constraintsTypeGravity Lagrange;
# large model: try
Transformation
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};
# if rigid diaphragm is on
}; # if rigid diaphragm exists
constraints $constraintsTypeGravity ;
# how it handles
boundary conditions
numberer RCM;
# renumber dof's to minimize band-width
(optimization), if you want to
system BandGeneral ;
# how to store and solve the system of
equations in the analysis (large model: try UmfPack)
test EnergyIncr $Tol 6 ;
# determine if convergence has been achieved
at the end of an iteration step
algorithm Newton;
# use Newton's solution algorithm: updates
tangent stiffness at every iteration
set NstepGravity 1;
# apply gravity in 10 steps
set DGravity [expr 1./$NstepGravity];
# first load increment;
integrator LoadControl $DGravity; # determine the next time step for an analysis
analysis Static;
# define type of analysis static or transient
analyze $NstepGravity;
# apply gravity
# ------------------------------------------------- maintain constant gravity
loads and reset time to zero
print eleout -ele
loadConst -time 0.0
# ------------------------------------------------------------puts "Model Built"
# ------------------------------------------------------------------------------------------------# source in procedures for simulating sudden removal scenario
source ReadSMDfile.tcl;
# procedure for reading GM file and converting
it to proper format
# Define DISPLAY ------------------------------------------------------------# the deformed shape is defined in the build file
recorder plot $dataDir/DFree.out Displ-X 2000 10 300 300 -columns 1 3 ; # a
window to plot the nodal displacements versus time
recorder plot $dataDir/DFree.out Displ-Z 2000 310 300 300 -columns 1 4 ; # a
window to plot the nodal displacements versus time

# display displacement shape of the column
recorder display "Displaced shape" 520 10 500 500 -wipe
prp 200. 50. 50;
vup 0 1 0;
vpn 0 0 1;
display 1 5 40
DisplayModel3D DeformedShape ;
ModeShape

# options: DeformedShape NodeNumbers

#recorder
recorder Node -file $dataDir/DFree.out -time -node 20101 -dof 1 2 3 disp;
# displacements of free node
deformation;
# section deformations, axial and curvature, node j
set yFiber [expr 0.];
#
fiber location for stress-strain recorder, local coords
set zFiber [expr 0.];
#
fiber location for stress-strain recorder, local coords
recorder Element -file $dataDir/SSreinfEle1sec1.out -time -ele 20301 section $np
fiber $yFiber $zFiber stressStrain;
# set up ground-motion-analysis parameters
set DtAnalysis
[expr 0.01*$sec];
# time-step Dt for lateral analysis
set TmaxAnalysis
[expr 10. *$sec];
# maximum duration of ground-motion
analysis -- should be 50*$sec
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# ----------- set up analysis parameters
source LibAnalysisDynamicParameters.tcl; #
constraintsHandler,DOFnumberer,systemofequations,convergenceTest,solutionAlgorithm,integrator
# ------------ define & apply damping
# RAYLEIGH damping parameters, Where to put M/K-prop damping, switches
(http://OpenSees.berkeley.edu/OpenSees/manuals/usermanual/1099.htm)
#
D=$alphaM*M + $betaKcurr*Kcurrent + $betaKcomm*KlastCommit +
$beatKinit*$Kinitial
set xDamp 0.05;
# damping ratio
set MpropSwitch 1.0;
set KcurrSwitch 0.0;
set KcommSwitch 1.0;
set KinitSwitch 0.0;
set nEigenI 1;
# mode 1
set nEigenJ 3;
# mode 3
set lambdaN [eigen [expr $nEigenJ]];
# eigenvalue analysis
for nEigenJ modes
set lambdaI [lindex $lambdaN [expr $nEigenI-1]];
# eigenvalue mode i
set lambdaJ [lindex $lambdaN [expr $nEigenJ-1]];
# eigenvalue mode j
set omegaI [expr pow($lambdaI,0.5)];
set omegaJ [expr pow($lambdaJ,0.5)];
set alphaM [expr $MpropSwitch*$xDamp*(2*$omegaI*$omegaJ)/($omegaI+$omegaJ)];
#
M-prop. damping; D = alphaM*M
set betaKcurr [expr $KcurrSwitch*2.*$xDamp/($omegaI+$omegaJ)];
# current-K;
+beatKcurr*KCurrent
set betaKcomm [expr $KcommSwitch*2.*$xDamp/($omegaI+$omegaJ)];
# last-committed K;
+betaKcomm*KlastCommitt
set betaKinit [expr $KinitSwitch*2.*$xDamp/($omegaI+$omegaJ)];
# initial-K;
+beatKinit*Kini
rayleigh $alphaM $betaKcurr $betaKinit $betaKcomm;
#
RAYLEIGH damping
puts "$alphaM "
puts "$betaKcomm "
# --------------------------------perform Dynamic Ground-Motion Analysis
# the following commands are unique to the Uniform Earthquake excitation
set IDloadTag 400; # for uniformSupport excitation
# Uniform EXCITATION: acceleration input
# call procedure to convert the ground-motion file
set LoadSeries "Series -dt 0.01 -filePath cycload.txt -factor 1";
# define
acceleration vector from file (dt=0.01 is associated with the input file gm)
pattern Plain 102 "Series -dt 0.01 -filePath $LoadSeries" {
load 20101 0 1 0 0 0 0
}
set Nsteps [expr int($TmaxAnalysis/$DtAnalysis)];
set ok [analyze $Nsteps $DtAnalysis];
analysis; returns ok=0 if analysis was successful

# actually perform

if {$ok != 0} {
;
# analysis was not
successful.
# ------------------------------------------------------------------------------------------------# change some analysis parameters to achieve convergence
# performance is slower inside this loop
#
Time-controlled analysis
set ok 0;
set controlTime [getTime];
while {$controlTime < $TmaxAnalysis && $ok == 0} {
set controlTime [getTime]
set ok [analyze 1 $DtAnalysis]
if {$ok != 0} {
puts "Trying Newton with Initial Tangent .."
test NormDispIncr
$Tol 1000 0
algorithm Newton -initial
set ok [analyze 1 $DtAnalysis]
test $testTypeDynamic $TolDynamic $maxNumIterDynamic 0
algorithm $algorithmTypeDynamic
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}
if {$ok != 0} {
puts "Trying Broyden .."
algorithm Broyden 8
set ok [analyze 1 $DtAnalysis]
algorithm $algorithmTypeDynamic
}
if {$ok != 0} {
puts "Trying NewtonWithLineSearch .."
algorithm NewtonLineSearch .8
set ok [analyze 1 $DtAnalysis]
algorithm $algorithmTypeDynamic
}
}
};

# end if ok !0

puts "Progressive Collapse

Done. End Time: [getTime]"
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